Effect of spineless-cactus mucilage on the in vitro rumen fermentation of cellulose, starch, and protein
SUMMARY
The aim of this study was to evaluate the effect of the levels of spineless-cactus mucilage on the in vitro rumen fermentation of cellulose, starch, and protein. A completely randomized experimental design was adopted with a 5 × 3 factorial arrangement consisting of five levels of spineless-cactus mucilage (0, 5, 10, 20, and 40%) and three substrates (carboxymethylcellulose, starch, and trypticase). Treatments were evaluated in a ruminal environment simulated by in vitro incubation at different times of assessment: 0, 3, 6, 12, 24 , and 48 h. The incubation procedure was repeated three times, totaling three evaluations per incubation time for each treatment. There was an interaction (P<0.05) between the mucilage levels and substrate for all evaluated ruminal parameters, except for the concentration of microbial protein after 48 h of fermentation and for the proportions of acetate and butyrate fermentation at time 0 h. There was a quadratic increase (P<0.05) in the concentration of ammoniacal nitrogen after 48 h of incubation in the media containing carboxymethylcellulose and trypticase. pH values decreased quadratically (P<0.05) as a function of the mucilage levels in the media containing carboxymethylcellulose and trypticase. Overall, no expressive alterations were observed between the individual molar proportions of acetate, propionate, and butyrate with the addition of spineless-cactus mucilage levels to the different substrates. Spinelesscactus mucilage affects the pattern of fermentation of starch, cellulase, and protein performed by rumen microorganisms.
Keywords: ammoniacal nitrogen, microbial protein, pH, rumen microorganisms, volatile fatty acids RESUMO Objetivou-se com esta pesquisa avaliar o efeito dos níveis de mucilagem de palma forrageira sobre a fermentação ruminal in vitro de celulose, amido e proteína. Utilizou-se um delineamento experimental inteiramente casualizado, disposto em um esquema fatorial 5 × 3, com 5 níveis de mucilagem de palma forrageira (0, 5, 10 , 20 e 40%) e três substratos (carboxymetilcelulose, amido e trypticase). Os tratamentos foram avaliados em ambiente ruminal simulado por incubação in vitro em diferentes tempos de incubação: 0, 3, 6, 12, 24 e 48 horas. O procedimento de incubação foi repetido três vezes, perfazendo-se o total de três avaliações por tempo de incubação para cada tratamento. Houve interação (P<0,05) entre os níveis de mucilagem e substratos para todos os parâmetros ruminais avaliados, com exceção da concentração de proteína microbiana após 48
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INTRODUCTION
There are many studies about the effect of levels of spineless cactus in ruminant feeding, among which noteworthy cases are those addressing the use of cactus as a source of energy and water (ANDRADE-MONTEMAYOT et al., 2011; COSTA et al., 2009; TEGEGNE et al., 2007) as well as the implications of its use on the performance and maintenance of normal rumen conditions (COSTA et al., 2010; TEGEGNE et al., 2010; BISPO et al., 2007) . Several factors have been associated with the use of spineless cactus in the diet of ruminants, e.g. reduced milk fat content (COSTA et al., 2010) , reduced intake and digestibility of nutrients, and weight loss (TEGEGNE et al., 2005) . The elevated concentration of NFC and low effectiveness of the fiber in spineless cactus favor a rapid fermentation of the dietary components, resulting in greater volatile fatty acid production and a consequent decline in pH. These effects contribute to reductions in performance and in the maintenance of milk fat. However, the formulation of diets respecting the recommendations proposed by nutritional requirement systems (NRC 2001; NRC 2007) in terms of the levels of NFC and forage-derived fiber sources lessens the impact caused by the inclusion of high proportions of this cactus in ruminant feeding. Some cacti and other types of plants contain significant amounts of mucilage, which is considered a complex of carbohydrates. The composition of this mucilage has been the object of many studies where, overall, the presence of several neutral sugars like L-arabinose, D-galactose, mannose, and xylose (among others) were detected (YAHIA et al., 2009) . Spineless cactus also stands out for its concentration of soluble carbohydrates, which ranges from 29.1 to 57.9% in the dry matter (SANTOS et al., 2006) , 12% starch (BATISTA et al., 2003) , besides is hydrophilic nature (YAHIA et al., 2009; SANTOS et al., 2006; WAAL et al., 2006) and substances featuring antimicrobial activity (CASTILLO et al., 2011; SÁNCHEZ et al., 2010) . However, there is little or no information about the actual impact of levels of spineless-cactus mucilage on the microbial rumen dynamics in the degradation of cellulose, starch, and protein. This study was conducted to evaluate the effect of levels of spineless-cactus mucilage on the in vitro rumen fermentation of cellulose, starch, and protein. cubes approximately 3 to 5 cm in length so as to reduce the particle to facilitate its maceration. The material was macerated using wooden pestles and filtered through four layers of gauze to separate the mucilage from the solid part. After the mucilage was extracted, it was blended in a blender for 1 min for better homogenization. The fluid derived from this process was used for incubation. A rumen-fistulated steer from the Dairy Cattle Unit of the Department of Animal Science at UFPB was used as a donor of rumen fluid. The steer was fed corn silage and a concentrate based on ground corn, soybean meal, and a mineral supplement. The rumen fluid was collected 2 h after the morning feeding, filtered through four layers of gauze, placed in a hermetically sealed thermal bottle, and immediately transported to the laboratory. Next, the rumen fluid was transferred to 500 mL Erlenmeyer flasks that were saturated with carbonic gas (CO 2 ), sealed with plastic film, and left at rest for 30 min in a B.O.D. chamber (SP-500, SP LABOR) at 39 ºC. After the liquid interfaces were formed, the intermediate liquid was removed to obtain the inoculum containing the most active microbial population (OLIVEIRA et al., 2012) . A completely randomized experimental design was adopted with a 5 × 3 factorial arrangement (five levels of mucilage and three substrates) with three replicates. The following substrates were tested: carboxymethylcellulose (PA, ACS, NEON), commercial corn starch; (PA, ACS, F. Maia S/A), and trypticase (Becton Dicknson, Sparks, MD 21152-USA). Carboxymethylcellulose was used as a source of cellulose, and trypticase as a source of protein.
MATERIAL AND METHODS
Treatments were composed as follows: starch; starch + 5% cactus mucilage; starch + 10% cactus mucilage; starch + 20% cactus mucilage; starch + 40% cactus mucilage; carboxymethylcellulose; carboxymethylcellulose + 5% cactus mucilage; carboxymethylcellulose + 10% cactus mucilage; carboxymethylcellulose + 20% cactus mucilage; carboxymethylcellulose + 40% cactus mucilage; trypticase; trypticase + 5% cactus mucilage; trypticase + 10% cactus mucilage; trypticase + 20% cactus mucilage; and trypticase + 40% cactus mucilage. Table 1 shows the quantities of the components added to the in vitro system to meet the above-described treatments. The percentages of mucilage were based on the inclusion of spineless cactus as part of the animal diets, following recommendations expressed in the literature. The above-described aliquots were kept in penicillin-type glass flasks with a total volume of 50 mL. McDougall (1948)'s solution was prepared in Erlenmeyer flasks, with the pH adjusted to 6.8 by carbon dioxide spraying. After the components were added to the flask, they were carbon dioxide-saturated and sealed. Next, they were incubated in a B.O.D. oven (SP-500, SP LABOR) kept at 39 ºC for 28 h. The incubation times 0, 3, 6, 12, 24, and 48 h were evaluated. The incubation procedure was repeated three times, totaling three evaluations per incubation time for each treatment. The repeated measures factor was not used to obtain the models, since it was employed only as a criterion for observation of the pH, rumen ammoniacal nitrogen, and microbial protein behaviors. At the end of each incubation time, aliquots of the content present in each flask were collected using syringes with 0.80 mm × 0.25 mm needles so to as to maintain anaerobiosis inside the tubes (LANA et al., 2000) . Samples were harvested (1.0 mL) to measure the pH and determine the ammoniacal nitrogen and microbial protein at all incubation times. To analyze the volatile fatty acids (VFA), only the times 0 and 48 h were considered. The pH in the medium was determined using a digital pH meter (mPA-210, TECNOPON, Piracicaba, SP). The fluid collected from the fermentation tubes was placed in 2.0 mL Eppendorf tubes and centrifuged (Mikro 200, HETTICH) at 5200 g for 10 min, followed by removal of the supernatant. For the analysis of VFA, a 1.0-mL Eppendorf tube received 0.5 mL of the supernatant, followed by 0.5 mL 25% metaphosphoric acid solution, and the material was then frozen for later analysis. The remainder of the supernatant was placed in another Eppendorf tube for analysis of NH 3 , which was kept at -20 ºC for later analysis using the colorimetric method of Chaney & Marbach (1962) . The bacterial sediment (pellet) resulting from the centrifugation of the rumen fluid was resuspended twice and centrifuged in 0.9% (w/v) NaCl solution; next, a 1.5 mL aliquot was stored at -20 ºC for analysis of microbial protein. The microbial protein concentration was determined by the method of Bradford (1976) . Both analyses of ammoniacal nitrogen and microbial protein were performed using a spectrophotometer (SP-22, BIOSPECTRO). Acetic, propionic, and butyric acids were analyzed by HPLC (highperformance liquid chromatography) using a SPD-10A chromatograph (SHIMADZU) coupled to an ultraviolet (UV) detector under a wavelength of 210 nm. The obtained data were subjected to variance and regression analyses using the GLM procedure of SAS (2001) . The regression models for the different substrates were subjected the model-identity test. Regression equations were chosen based on the determination coefficient and on the significance of the regression coefficients using the t test, adopting α = 0.05.
RESULTS AND DISCUSSION
The maximum concentrations of ammoniacal nitrogen after 48 h of incubation in the medium containing carboxymethylcellulose and trypticase were estimated as 23.31 and 75.34 mg/dL, with the spineless-cactus mucilage levels of 32.38 and 28.20%, respectively. The elevated concentration of ammoniacal nitrogen observed in the medium containing trypticase may result from the peptides originating from this substrate, indicating that the peptides were used as a source of energy releasing ammonium to the medium (LANA et al., 2000) , as they are sources of energy for proteolytic bacteria. Ammoniacal nitrogen production by rumen microorganisms in the starchcontaining medium reached its maximum value at 6 h of fermentation ( Figure 1a) . After 48 h of fermentation, the ammoniacal nitrogen levels in the medium were reduced to values below 2 mg/dL. This decrease in the concentrations of ammoniacal nitrogen may be due to both acidification in the medium (Figure 1c) , which plays an important part in the nitrogen metabolism, reducing ammonia production (LANA et al., 2000) ; and its use for the synthesis of microbial protein (Figure 1b) . The pH decline is one of the main factors affecting the hydrolysis of protein sources in the rumen. The enzymes responsible for this type of hydrolysis have their catalytic activity restricted to a narrow pH range; in this case, closer to neutrality. Lana et al. (1998) reported a reduction of 2 to 3 times in this activity in an environment with a pH of 5.7, when compared with an environment with a pH of 6.7. The microbial protein concentration was altered by the mucilage levels, with higher concentrations of the former observed in the treatments with the highest levels of mucilage in the medium, which is a consequence of the greater supply of nutrients via mucilage addition. The microbial protein concentration was not affected by acidity, corroborating the results described by Lana et al. (2000) , who concluded that the marked drop in pH does not affect microbial growth. The marked decline in the pH of the medium containing starch was because this source of substrate is rapidly fermentable by the rumen microorganisms, favoring the production of organic acids and consequently a decline in pH. There are many studies about the potential effects of the antimicrobial activity of spineless-cactus mucilage on several microorganisms associated with the intestinal tract of animals, which is an object of interest in the pharmaceutical area. Castillo et al. (2011) observed a bactericide effect of cactus mucilage on the growth of Campylobacter jejuni and Campylobacter coli, whereas Sánchez et al. (2010) saw its bactericidal effect on Vibrio cholerae. However, this bactericidal effect was not found on the rumen microorganisms. It should be stressed that this antimicrobial effect of the mucilage cannot be regarded solely as negative, because, depending on which microbial groups this action takes place, mucilage can be adopted to provide a beneficial effect on ruminant feeding, in case they act by reducing greenhouse gases, e.g. ionophores. Ammoniacal nitrogen production by ruminal microorganisms in carboxymethylcellulose-containing media reached its maximum value at 6 h of fermentation in the treatments with 20 and 40% cactus mucilage levels ( Figure 2a ). Ammoniacal nitrogen production remained almost constant after 6 h of fermentation for the treatments containing 5 and 10% cactus mucilage. All treatments containing levels of mucilage showed higher ammoniacal nitrogen values when compared with the treatment without the mucilage. This shows that the mucilage positively affected the provision of nitrogen sources to the medium, since the substance used does not provide substrate for ammoniacal nitrogen production, consisting of glucose only. The peak of nutrient use for microbial growth seems to have occurred between 12 and 24 h after incubation, given the increase observed in the microbial protein concentrations after 24 h of fermentation (Figure 2b) . From that point onwards, possibly because of the reduced availability of nutrients, there was a decline in microbial growth rate, observed in the period of 48 h. This explanation is based on the almost-constant behavior of pH after 24 h of incubation ( Figure  2c ), which did not act as an inhibitory factor for the development of the microorganisms (LANA et al., 2000) . Ammoniacal nitrogen production by rumen microorganisms in the medium containing trypticase reached maximum values at 3 and 6 h of fermentation at all spineless-cactus mucilage levels ( Figure  3a) , due to the rapid degradation of trypticase and release of amino acids and peptides into the medium. Rev. Bras. Saúde Prod. Anim., Salvador, v.18, n.4, p.505-517 out./dez., 2017 ISSN 1519 9940 http://mc04.manuscriptcentral.com/rbspa-scielo http://dx.doi.org/10.1590/S1519-99402017000400002
After 48 h of incubation, the concentration of ammoniacal nitrogen remained at values greater than 5 mg/dL, which is considered the minimum level of rumen ammoniacal nitrogen necessary for the maintenance of the normal rumen function (SATTER & STYLER, 1974) . Microbial protein production reached its maximum at 24 h of incubation, decreasing significantly until 48 h. The maximum microbial growth observed between 12 and 24 h of incubation (Figure 3b ) might have stemmed from the decreased uptake of nutrients in the medium for the continuation or maintenance of microbial growth after that fermentation time.
There was an interaction (P<0.05) between mucilage levels and substrates for all the studied ruminal parameters, except for the concentration of microbial protein after 48 h of fermentation and acetate and butyrate at 0 h (Table 2) . Despite the lack of model fitting between the mucilage levels and substrates used, in absolute values, an increase of 77.6, 55.06, and 88 mg/dL was observed in the concentration of microbial protein at 48 h in relation of 0 h, for the media containing starch, carboxymethylcellulose, and trypticase, respectively (Table 2) . At 48 h of incubation in the medium containing starch from a commercial corn brand, microbial production was superior to that observed in the other substrates, reinforcing the importance of starch as an energy source for the processes of microbial protein synthesis (LANA et al., 2000) . Starch as a source of substrate associated with an increase in the amount of spineless-cactus mucilage, which also has considerable quantities of starch (12%) (BATISTA et al., 2003) , favored the formation of an environment suitable for bacterial growth, especially for bacteria involved in the fermentation of starch and pectin, which are non-fibrous carbohydrate fermenting microorganisms that have a higher growth rate than the fibrous carbohydrate-fermenting microorganisms. Rev. Bras. Saúde Prod. Anim., Salvador, v.18, n.4, p.505-517 out./dez., 2017 ISSN 1519 9940 http://mc04.manuscriptcentral.com/rbspa-scielo http://dx.doi.org/10.1590/S1519-99402017000400002
The spineless-cactus mucilage levels had a quadratic effect (P<0.05) on the concentration of ammoniacal nitrogen in the carboxymethylcellulose-and trypticase-containing media, but the same was not true for the starchcontaining medium. The model-identity test revealed that the quadratic model of the cactus mucilage levels in the carboxymethylcellulose substrate compared with the quadratic model of the cactus levels in the trypticase substrate was different (P<0.05), since the cactus mucilage levels affected the ammoniacal nitrogen values differently at 48 h within each substrate. In the starch-containing medium, ammoniacal nitrogen concentrations near 0 mg/dL were observed at 48 h, which is explained by the low pH values (Table 2 and Figure 1c ), since acidity acts by reducing the rate of production of ammoniacal nitrogen (LANA et al., 2000) . Another factor that might have contributed to the low concentrations of ammoniacal nitrogen in the starch-containing medium may be the use of ammonia as a source of nitrogen by the rumen microorganisms, which is evidenced by the higher concentrations of microbial protein observed in the starch-containing medium (Table 2) . Together with the carbon skeleton originating from starch, ammonia was used by the microorganisms for the synthesis of amino acids that originated the microbial protein.
The increase in the levels of spinelesscactus mucilage elicited a quadratic response (P<0.05) from the pH of the media containing carboxymethylcellulose and trypticase. A comparison of the quadratic model of mucilage levels in the carboxymethylcellulose substrate with the quadratic model of the mucilage levels in the trypticase substrate revealed that the models differed (P<0.05), considering that the spinelesscactus levels affected the pH values in each substrate in a different manner. In the medium containing starch, the average pH value of 4.38 is much lower than those found with the other substrates and below the pH value considered the minimum limit for an adequate fermentation of fiber. According to Hu et al. (2004) , at a rumen pH below 4.8, as observed in the medium containing starch as substrate, the fiber digestion has completely ceased. The increased inclusion of mucilage from spineless cactus had a quadratic effect (P<0.05) on the pH of the media containing carboxymethylcellulose and trypticase, possibly due to the increased supply of rapidly fermented carbohydrates, non-fibrous carbohydrates, present at elevated quantities in the spineless cactus (VIEIRA et al., 2008; BISPO et al., 2007; SANTOS et al., 2006) , which results in greater VFA production and a consequent decrease in the pH of the medium. However, the mucilage levels did not cause pH changes capable of reducing the degradability of cellulose and protein in the aforementioned media. The total VFA concentrations at 48 h were always higher than at 0 h, at all combinations of cactus mucilage levels and substrate (Table 3 ). This increase observed in total VFA production throughout the incubation period is a result of the production of these acids via microbial metabolism during fermentation, and because the in vitro procedure is considered a closed system, there is no absorption of acids as occurs in the rumen, for instance, and the accumulation of such acids results in a larger concentration thereof over time. Overall, despite the significant effect for some variables, there was a slight variation between the individual molar proportions of acetate, propionate, and butyrate with the addition of levels of spineless-cactus mucilage to the different substrates. Studies with in vivo evaluations have shown an effect of the use of spineless cactus on the proportions of the main volatile fatty acids. Misra et al. (2006) observed that when spineless cactus was added to the diet of ruminants, there were alterations in the proportions of the main VFA, with decreasing acetate production and increasing propionate production. Those authors attributed this response to the addition of rapidly fermentable carbohydrates when spineless cactus is added to the diets, because this forage species is high in non-fibrous carbohydrates (CAVALCANTI et al., 2008; TEGEGNE et al., 2007) . Contrastingly, in in vivo experiments with goats developed parallel to this study, authors did not report alterations in the VFA profile when spineless cactus was added to the diet of the animals (PINHO, 2016) . Although the increased concentration of non-fibrous carbohydrates boosted propionate production, a particularity of spineless cactus may not make this increase in propionate production possible. As for its composition, in terms of non-fibrous carbohydrates, spineless cactus is rich in the component pectin, which despite being considered a structural carbohydrate, has similar rates of extension and degradation to those of non-structural carbohydrates, favoring acetate production (HATFIELD & WEIMER, 1995) .
Thus, increased acetate production via pectin fermentation simultaneous to propionate production via other non-fibrous carbohydrates does not allow for alterations in the ratio between these acids. Results thus indicate that inclusion of up to 40% spineless-cactus mucilage does not change the molar proportion of the main volatile fatty acids produced by ruminants. Mucilage levels affect the pH of the medium, but an alteration in acidity seems not to be sufficient to change microbial growth or volatile fatty acid production. Although a few studies consider that the spineless-cactus mucilage has some substances with antimicrobial activity (CASTILLO et al., 2011; SANCHÉZ et al., 2010) , based on the present results, no indications of such type of activity were observed on the rumen microorganisms. Inclusion of spineless-cactus mucilage levels in the in vitro system affects the pattern of fermentation of starch, cellulose, and protein performed by rumen microorganisms.
